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(57)  An ultrasonic flowmeter 10 includes: emission
trigger oscillating means 22 for outputting a trigger signal;
ultrasonic oscillating means 23 for generating and out-
putting ultrasonic pulses by the trigger signal from said
emission trigger oscillating means; ultrasonic pulse re-
ceiving means 24 for transmitting the ultrasonic pulses
output from said ultrasonic oscillating means toward a
measurement line within a fluid, and receiving an ultra-
sonic echo signal serving as reflected waves reflected
off an ultrasonic reflector suspended within said fluid; sig-
nal processing means 25 for subjecting the ultrasonic
echo signal received by said ultrasonic pulse receiving
means to signal processing; and signal analyzing means
26 for analyzing the ultrasonic echo signal subjected to
the signal processing by said signal processing means,
calculating the position and speed of said ultrasonic re-
flector positioned along said measurement line, and
measuring at least one of the flow-speed distribution and
flow of said fluid from the calculated results, said signal
processing 25 means comprising a band-pass filtering
processing unit 31 for performing filtering processing for
extracting the same frequency band as the ultrasonic
pulses, of the received ultrasonic echo signals, an AD
converter 32 for subjecting the ultrasonic echo signal re-
ceived from said band-pass filtering processing unit to
analog-to-digital conversion, and a wall filter processing
unit 33 for subjecting the received ultrasonic echo signal

to filtering processing using a wall filter.
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Description
Technical Field

[0001] The presentinvention relates to an ultrasonic flowmeter for measuring the flow-speed distribution of a fluid and
the flow thereof using ultrasonic pulses, a flow measurement method with the ultrasonic flowmeter, and a flow meas-
urement program thereof, particularly to an ultrasonic flowmeter having a function for measuring the flow-speed distri-
bution of various fluids flowing within a metal tube and flow thereof in a non-contact manner, a flow measurement method
with the ultrasonic flowmeter, and a flow measurement program thereof.

Background Art

[0002] As a conventional technique, an ultrasonic flowmeter using the ultrasonic pulsed method has been known as
disclosed in Japanese Unexamined Patent Application Publication No. 2000-97742.

[0003] The ultrasonic flowmeter has a configuration wherein ultrasonic pulses are cast from a transducer onto a
measurement line within a flow tube, ultrasonic echo signals, i.e., the reflected-wave signals from suspended fine particles
in a fluid flowing in the fluid tube are analyzed so as to calculate the flow-speed distribution and the flow of the fluid
flowing along the measurement line based upon the positions and velocities of the suspended fine particles. The meas-
urement line is formed by an ultrasonic-pulse beam cast from the transducer.

[0004] The ultrasonic flowmeter may be applied to an opaque fluid and an opaque-fluid tube, as well as having the
advantage of measuring the flow of a fluid flowing a fluid tube in a non-contact manner. Furthermore, the ultrasonic
flowmeter has the advantage of measurement of the flow-speed distribution of an opaque fluid and the flow thereof, e.g.,
measurement of the flow of liquid metal such as mercury, sodium, and so forth, as well as having functions for measuring
the flow-speed distribution and the flow of a fluid flowing in the flow tube with measurement along the measurement line.
[0005] The ultrasonic flowmeter has the advantage of detecting change in the flow-speed distribution over time along
the measurement line formed by the ultrasonic pulses cast onto the fluid from the transducer, and accordingly, it is hoped
that the ultrasonic flowmeter can be applied to measurement of a transient flow of a fluid flowing through the flow tube,
and measurement of the flow-speed distribution and measurement of the flow in a turbulent situation.

[0006] An arrangement example of the ultrasonic flow-speed distributor and the ultrasonic flowmeter described above
is disclosed in Japanese Unexamined Patent Application Publication No. 2000-97742 (see Patent document 1, for
example).

[0007] [Patent document 1] Japanese Unexamined Patent Application Publication No. 2000-97742.

[0008] With a conventional ultrasonic flowmeter utilizing ultrasonic pulses, in the event that a fluid tube for guiding a
fluid to be measured in which a great number of ultrasonic reflectors such as fine particles and bubbles are suspended
is a metal tube, noise called clutter noise which is present constantly (regardless of time) is superimposed on an ultrasonic
echo signal, which prevents the flow-speed distribution and flow of a fluid from accurate and high-precision measurement.
[0009] The present invention has been made in light of the above situation, and it is an object of the present invention
to provide an ultrasonic flow-speed distributor and flowmeter, an ultrasonic flow-speed distribution and flow measurement
method, and an ultrasonic flow-speed distribution and flow measurement program, which are capable of sufficiently
reducing the noise level as to ultrasonic echo signals, and measuring flow-speed distribution and flow precisely, even
in the event that noise, which is constantly present, such as clutter noise is superimposed on ultrasonic echo signals.

Disclosure of Invention

[0010] In order to solve the aforementioned problems, the present invention provides an ultrasonic flow-speed dis-
tributor and flowmeter comprising: emission trigger oscillating means for outputting a trigger signal; ultrasonic oscillating
means for generating and outputting ultrasonic pulses by the trigger signal from the emission trigger oscillating means;
ultrasonic pulse receiving means for transmitting the ultrasonic pulses output from the ultrasonic oscillating means toward
a measurement line within a fluid, and receiving an ultrasonic echo signal serving as reflected waves reflected off an
ultrasonic reflector suspended within the fluid; signal processing means for subjecting the ultrasonic echo signal received
by the ultrasonic pulse receiving means to signal processing; and signal analyzing means for analyzing the ultrasonic
echo signal subjected to the signal processing by the signal processing means, calculating the position and speed of
the ultrasonic reflector positioned along the measurement line, and measuring at least one of the flow-speed distribution
and flow of the fluid from the calculated results, wherein the signal processing means include a band-pass filtering
processing unit for performing filtering processing for extracting the same frequency band as the ultrasonic pulses, of
the received ultrasonic echo signals, an AD converter for subjecting the ultrasonic echo signal received from the band-pass
filtering processing unit to analog-to-digital conversion, and a wall filter processing unit for subjecting the received
ultrasonic echo signal to filtering processing using a wall filter.
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[0011] Further, in order to solve the aforementioned problems, it is preferable that the wall filter processing unit is
configured so as to perform filtering processing wherein low-frequency equivalent components are discarded from the
corresponding point-in-time echo level signals regarding all of the corresponding points-in-time which are obtained
regarding a plurality of corresponding points-in-time from the ultrasonic echo signals for the amount of n + 1 (nis a
positive integer) sequences.

[0012] Furthermore, in order to solve the aforementioned problems, it is preferable that the wall filter processing unit
is configured so as to perform filtering processing wherein low-frequency equivalent components are discarded from
the corresponding point-in-time echo level signals assuming that the S/N ratio of a signal obtained by subjecting the
corresponding point-in-time echo level signals to Fourier transform is taken as a threshold.

[0013] In order to solve the aforementioned problems, the present invention provides an ultrasonic flow-speed distri-
bution and flow measurement method comprising: an emission trigger oscillating procedure for outputting a trigger signal;
an ultrasonic oscillating procedure for generating and outputting ultrasonic pulses by the trigger signal output from the
emission trigger oscillating procedure; an ultrasonic pulse receiving procedure for transmitting the ultrasonic pulses
output from the ultrasonic oscillating procedure toward a measurement line within a fluid, and receiving an ultrasonic
echo signal serving as reflected waves reflected off an ultrasonic reflector suspended within the fluid; a signal processing
procedure for subjecting the ultrasonic echo signal received by the ultrasonic pulse receiving means to signal processing;
and a signal analyzing procedure for analyzing the ultrasonic echo signal subjected to the signal processing by the signal
processing procedure, calculating the position and speed of the ultrasonic reflector positioned along the measurement
line, and measuring at least one of the flow-speed distribution and flow of the fluid from the calculated results, wherein
the signal processing procedure includes a band-pass filtering processing process for performing filtering processing
for extracting the same frequency band as the ultrasonic pulses, of the received ultrasonic echo signals, an AD conversion
process for subjecting the ultrasonic echo signal received from the band-pass filtering processing process to ana-
log-to-digital conversion, and a wall filter processing process for subjecting the received ultrasonic echo signal to filtering
processing using a wall filter.

[0014] Further, in order to solve the aforementioned problems, it is preferable that the ultrasonic oscillating procedure
comprises: an electric pulse signal generating process for receiving the trigger signal to generate an electric pulse signal;
and an ultrasonic pulse generating process for converting the electric pulse signal generated in the electric pulse signal
generating process into ultrasonic pulses, and transmitting these.

[0015] Furthermore, in order to solve the aforementioned problems, it is preferable that the signal analyzing procedure
comprises: a reflector position-and-speed calculating process for calculating the position and speed of an ultrasonic
reflector group within a fluid; a flow-speed distribution calculating process for calculating the flow-speed distribution of
the fluid from the position and speed of the ultrasonic reflector group within the fluid calculated in the reflector posi-
tion-and-speed calculating process; and a flow calculating process for integrating the flow-speed distribution calculated
in the flow-speed calculating process along the internal area of a fluid tube to calculate flow.

[0016] In addition, in order to solve the aforementioned problems, it is preferable that the wall filter processing process
comprises: a corresponding point-in-time echo level acquisition step for acquiring, from digitized ultrasound echo signals,
a corresponding point-in-time echo level signal representing the relation between the number of sequences and a signal
level at the corresponding point-in-time of each sequence; an FFT processing step for subjecting the corresponding
point-in-time echo level signal obtained in the corresponding point-in-time echo level signal acquisition step to Fourier
transform; a clutter noise reduction processing step for subjecting the frequency equivalent components of the corre-
sponding point-in-time echo level signal obtained in the FFT processing step to filtering processing; and an inverse FFT
processing step for sorting in time-sequence order the frequency equivalent components of the corresponding
point-in-time echo level signal as inverse Fourier transform again to restructure a digital ultrasonic echo signal.

[0017] Further, in orderto solve the aforementioned problems, itis preferable that the clutter noise reduction processing
step subjects the frequency equivalent components of the corresponding point-in-time echo level signal obtained in the
FFT processing step to filtering processing wherein an S/N ratio is taken as a threshold.

[0018] Furthermore,in orderto solve the aforementioned problems, itis preferable that the reflector position-and-speed
calculating process comprises: a cross-correlation computing processing step for computing the cross-correlation of
reference waves and search waves; a phase identifying step for regarding reflected waves as the reflected waves from
the same ultrasonic reflector, in the event that the correlation value of the reference waves and search waves is equal
to or greater than a steady value (threshold); a phase difference computing step for computing the phase difference of
the reference waves and the search waves identified in the phase identifying step; and a position-and-speed calculating
step for calculating the position and speed of the ultrasonic reflector from the phase difference obtained in the phase
difference computing step, wherein the cross-correlation computing processing step subjects the corresponding
point-in-time echo level signal for each corresponding point-in-time to Fourier transform, calculates an average frequency
fg and an RMS value o, calculates the speed range of the ultrasonic reflector corresponding to a range of fg + 36 using
the calculated average frequency fg and RMS value o, and sets the size of the search window using the calculated
speed range of the ultrasonic reflector.
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[0019] In order to solve the aforementioned problems, the present invention provides an ultrasonic flow-speed distri-
bution and flow measurement processing program for causing a computer to execute: an emission trigger oscillating
procedure for outputting a trigger signal; an ultrasonic oscillating procedure for generating and outputting ultrasonic
pulses by the trigger signal output from the emission trigger oscillating procedure; an ultrasonic pulse receiving procedure
for transmitting the ultrasonic pulses output from the ultrasonic oscillating procedure toward a measurement line within
a fluid, and receiving an ultrasonic echo signal serving as reflected waves reflected off an ultrasonic reflector suspended
within the fluid; a signal processing procedure for subjecting the ultrasonic echo signal received by the ultrasonic pulse
receiving means to signal processing; and a signal analyzing procedure for analyzing the ultrasonic echo signal subjected
to the signal processing by the signal processing procedure, calculating the position and speed of the ultrasonic reflector
positioned along the measurement line, and measuring at least one of the flow-speed distribution and flow of the fluid
from the calculated results; wherein the signal processing procedure includes a band-pass filtering processing process
for performing filtering processing for extracting the same frequency band as the ultrasonic pulses, of the received
ultrasonic echo signals, an AD conversion process for subjecting the ultrasonic echo signal received from the band-pass
filtering processing process to analog-to-digital conversion, and a wall filter processing process for subjecting the received
ultrasonic echo signal to filtering processing using a wall filter.

[0020] Further, in order to solve the aforementioned problems, it is preferable that the wall filter processing process
comprising: a corresponding point-in-time echo level acquisition step for acquiring a corresponding point-in-time echo
level signal representing the relation between the number of sequences and a signal level at the correspond point-in-time
of each sequence; an FFT processing step for subjecting the corresponding point-in-time echo level signal obtained in
the corresponding point-in-time echo level signal acquisition step to Fourier transform; a clutter noise reduction processing
step for subjecting the frequency equivalent components of the corresponding point-in-time echo level signal obtained
inthe FFT processing step to filtering processing; and an inverse FFT processing step for sorting the frequency equivalent
components of the corresponding point-in-time echo level signal as inverse Fourier transform again to restructure a
digital ultrasonic echo signal; wherein the program causes the computer to execute the corresponding point-in-time echo
level acquisition step, FFT processing step, clutter noise reduction processing step, and inverse FFT processing step
in the wall filter processing process.

Further, in order to solve the aforementioned problems, it is preferable that the signal analyzing procedure comprising:
a reflector position-and-speed calculating process for calculating the position and speed of an ultrasonic reflector group
within a fluid; a flow-speed distribution calculating process for calculating the flow-speed distribution of the fluid from the
position and speed of the ultrasonic reflector group within the fluid calculated in the reflector position-and-speed calculating
process; and a flow calculating process for integrating the flow-speed distribution calculated in the flow-speed calculating
process along the internal area of a fluid tube to calculate flow; wherein the program causes the computer to execute
the reflector position-and-speed calculating process, flow-speed distribution calculating process, and flow calculating
process in the signal analyzing procedure.

[0021] Inaddition, in order to solve the aforementioned problems, it is preferable that the program causes the computer
to execute filtering processing wherein an S/N ratio is taken as a threshold as to the frequency equivalent components
of the corresponding point-in-time echo level signal obtained in the FFT processing step.

Brief Description of the Drawings
[0022]

Fig. 1 is a schematic diagram which shows a configuration of an ultrasonic flow-speed distributor and flowmeter
according to an embodiment of the present invention and of a experimental equipment for measuring the flow-speed
distribution of a fluid and the flow thereof.

Fig. 2 is a function block diagram of an ultrasonic flow-speed distributor and flowmeter according to the present
invention.

Fig. 3A and 3B are explanatory diagrams representing in more detail the supply source of the fluid to be measured,
and the perimeter of the metal tube in the schematic configuration diagram of the ultrasonic flow-speed distributor
and flowmeter shown in Fig. 1, more specifically, Fig. 3A is a longitudinal sectional drawing of metal tube and Fig.
3B is a cross-sectional drawing of measurement test area.

Fig. 4 is an explanatory diagram for describing the relation between the trigger signal, the ultrasonic echo signal
received waveform, and the sampling timing of the AD converter.

Fig. 5 is a process flowchart for describing the ultrasonic flow-speed distribution and flow measurement processing
method performed by the personal computer executing the ultrasonic flow-speed distribution and flow measurement
PG with the ultrasonic flow-speed distributor and flowmeter shown in Fig. 1.

Fig. 6 is a processing flowchart representing more detailed processing steps of the WF processing process in the
signal processing procedure.
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Fig. 7 is a processing flowchart representing more detailed processing steps of the reflector group position-and-speed
calculating process in the signal analyzing procedure.

Fig. 8 is an explanatory diagram for describing movement of the tracer particles (ultrasonic reflectors) flowing within
the metal tube.

Fig. 9 is an explanatory diagram for describing regarding the ultrasonic echo signal serving as the reflected waves
of the ultrasonic pulses oscillated from the transducer of the ultrasonic flow-speed distributor and flowmeter according
to the present invention.

Fig. 10 is an explanatory diagram for describing measurement principle for measuring the flow-speed of a fluid using
the cross-correlation method.

Fig. 11 is an explanatory diagram describing change over time of the trigger signal (upper), ultrasonic echo signal
(middle), and clutter noise (lower).

Fig. 12A and 12B are explanatory diagrams describing the relation between the sequence number (n) and the signal
level of the digital ultrasonic echo signal, more specifically, Fig. 12A is an explanatory diagrams describing the digital
ultrasonic echo signals corresponding to from 1st sequence (sequence #1) to n’th sequence (sequence #n) and
Fig. 12B is an explanatory diagrams describing the corresponding point-in-time echo level signal.

Fig. 13 is an explanatory diagram representing the schematic waveform of the frequency equivalent component
obtained by subjecting the corresponding point-in-time echo level signal to the FFT processing.

Fig. 14 is an explanatory diagram comparing the flow-speed distribution obtained in the case of employing the
conventional cross-correlation method with the flow-speed distribution obtained in the case of employing the clutter
noise reduction technique using a WF.

Fig. 15 is an explanatory diagrams describing the relation between the distance from the transducer obtained from
a found value in the measurement system shown in Fig. 1 and Fig. 3 and the size At of the search window.

Fig. 16 is an explanatory diagram for comparing the average speed distribution measured in the case of obtaining
the cross-correlation of the reference waves and search waves using the flexible search window method with using
the fixed search window method.

Fig. 17 is an explanatory diagram comparing the average flow-speed distribution of the fluid between the ultrasonic
flow-speed distributor and flowmeter and a laser Doppler flow-speed meter (LDV).

Best Mode for Carrying Out the Invention

[0023] Description will be made regarding an ultrasonic flow-speed distributor and flowmeter, an ultrasonic flow-speed
distribution and flow measurement method, and an ultrasonic flow-speed distribution and flow measurement program
according to an embodiment of the present invention with reference to the accompanying drawings.

[Measurement system]

[0024] Fig. 1is a schematic configuration diagram of a measurement system, which schematically shows an ultrasonic
flow-speed distributor and flowmeter according to an embodiment of the present invention.

[0025] An ultrasonic flow-speed distributor and flowmeter 10 shown in Fig. 1 comprises a personal computer 11 serving
as a portable computer, and an ultrasonic flow-speed distribution and flow measurement program (which will be referred
to as "measurement PG" in the drawings, as well as "program" being abbreviated to "PG") 12 capable of being read and
executed by the personal computer 11, and functions as an ultrasonic flow-speed distributor and flowmeter due to
cooperation between the personal computer 11 and the ultrasonic flow-speed distribution and flow measurement PG 12.
[0026] The personal computer 11 shown in Fig. 1 is connected to a transducer 15 serving as ultrasonic pulse oscillating
means and receiving means via a connector cable 14. This transducer 15 is installed (attached) in a metal tube 18
serving as a fluid tube for guiding a fluid to be measured 17 serving as a measured fluid from outside with a predetermined
installation (attachment) angle 6. The fluid 17 which flows within the metal tube 18 is suspended (mixed) with an infinite
number of ultrasonic reflectors 19.

[0027] Thetransducer 15is generally installed in the metal tube 18 via an acoustic coupler to match acousticimpedance
though the acoustic coupler is not shown in Fig. 1.

[0028] The ultrasonic flow-speed distribution and flow measurement PG 12 is stored in recording means such as a
hard disk built in the personal computer 11. The personal computer 11 can read out the ultrasonic flow-speed distribution
and flow measurement PG 12 stored in the recording means, and can execute the program.

[0029] Note that at the time of measuring an ultrasonic flow-speed distribution and flow, a basic processing PG 20,
which is preset, realizes various types of functions regarding the processing operations going along with control of the
frequency of ultrasonic pulses which the transducer 15 transmits, and measurement such as gain adjustment at the time
of receiving reflected waves (hereinafter, referred to as basic processing operations), for example. The basic processing
PG 20 is recorded and stored in recording means which can be read by the personal computer 11, as with the ultrasonic
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flow-speed distribution and flow measurement PG 12.
[Function blocks]

[0030] Fig. 2 illustrates a function block diagram of the ultrasonic flow-speed distributor (hereinafter, referred to as
ultrasonic flow-speed distributor) and flowmeter 10 according to an embodiment of the present invention.

[0031] The ultrasonic flow-speed distributor and flowmeter 10 shown in Fig. 2 functionally describes the ultrasonic
flow-speed distributor and flowmeter 10 shown in Fig. 1, which functions as an ultrasonic flow-speed distributor and
flowmeter by the personal computer 11 and the ultrasonic flow-speed distribution and flow measurement PG 12 shown
in Fig. 1 cooperating.

[0032] The ultrasonic flow-speed distributor and flowmeter 10 shown in Fig. 2 comprises emission trigger oscillating
means 22 for outputting an emission trigger signal (electric signal), ultrasonic pulse oscillating means 23 for receiving
the emission trigger signal, and oscillating ultrasonic pulses, ultrasonic receiving means 24 for receiving the reflected
waves of the ultrasonic pulses, and converting the received reflected waves of the ultrasonic pulses into electric signals,
signal processing means 25 for performing the signal processing of the electric signals, and signal analyzing means 26
for analyzing the received signals, and calculating the ultrasonic flow-speed distribution and flow thereof.

[0033] The emission trigger oscillating means 22 includes an emission trigger oscillating function. This emission trigger
oscillating function is realized by the personal computer 11 shown in Fig. 1 and the basic processing PG 20 cooperating.
[0034] Here, the term "emission trigger" means a trigger (external trigger) oscillated by trigger oscillating means
separately provided as to calculation processing means (omitted in Fig. 1) such as a CPU (Central Processing Unit)
built into the personal computer 11, for example. That is to say, "emission trigger" is a trigger which is not controlled
under an internal clock, unlike with a trigger which is oscillated by the CPU using the internal clock.

[0035] The emission trigger oscillating means 22 is configured, for example, by connecting a board including a trigger
oscillating function (hereinafter, referred to as trigger oscillating board) with a mother board (omitted in Fig. 1) built in
the personal computer 11, and the emission trigger oscillating function is realized by the CPU mounted on the mother
board functioning the trigger oscillating board.

[0036] The emission trigger oscillating means 22 oscillates an emission trigger signal (electric signal), and then outputs
the oscillated emission trigger signal (hereinafter, simply referred to as trigger signal) to the ultrasonic pulse oscillating
means 23 and the signal processing means 25. The trigger signal input to the ultrasonic pulse oscillating means 23 is
used in the event that the ultrasonic pulse oscillating means 23 oscillates ultrasonic waves. Further, the trigger signal
input to the signal processing means 25 is used for controlling the timing of sending/receiving a signal.

[0037] The output waveform of the trigger signal output from the emission trigger oscillating means 22 can be set
arbitrary by a measuring person inputting setting conditions to the personal computer 11, such that the measuring person
performing input operations of setting conditions from input means (omitted in Fig. 1) of the personal computer 11 shown
in Fig. 1, for example. Upon the setting conditions being input to the personal computer 11, calculation processing means
such as the CPU buiilt in the personal computer 11 recognize the setting conditions that was input, read out and execute
the basic processing PG 20 to perform output of the trigger signal in accord with the setting conditions that was input.
[0038] The ultrasonic pulse oscillating means 23 shown in Fig. 2 comprise an electric pulse signal generating unit 28
for generating an electric pulse signal having a predetermined frequency (basic frequency f;) in each predetermined
time () interval based on the trigger signal that was input, and an ultrasonic pulse generating unit 29 for generating
ultrasonic pulses according to the frequency and time interval of the received electric pulse signal.

[0039] The electric pulse signal generating unit 28 of the ultrasonic pulse oscillating means 23 includes an electric
pulse signal generating function. This electric pulse generating function is realized by the personal computer 11 shown
in Fig. 1 and the basic processing PG 20 cooperating.

[0040] When the ultrasonic pulse oscillating means 23 shown in Fig. 2 receive the trigger signal output from the
emission trigger oscillating means 22, the electric pulse signal oscillating unit 28 generates an electric pulse signal having
a predetermined frequency, such as a basic frequency f;, of 1 MHz, 2 MHz, 4 MHz, or the like, at predetermined time t
intervals, for example. The electric pulse signal generating unit 28 includes a digital synthesizer, can output an electric
pulse signal in a range between 50 kHz and 20 MHz, and can keep up with the transducer 15 having various types of
oscillating frequency property. The electric pulse signal generated in the electric pulse signal generating unit 28 is output
to the ultrasonic pulse generating unit 29.

[0041] The ultrasonic pulse generating unit 29 includes an ultrasonic pulse generating function. This ultrasonic pulse
generating function is realized by the ultrasonic pulse generating function included in the transducer 15 shown in Fig. 1.
[0042] Reception of the electric pulse signal at the ultrasonic pulse oscillating unit 29 is performed by the transducer
15 connected to the personal computer 11 shown in Fig. 1 via the connector cable 14 receiving the electric pulse signal
output from the personal computer 11. When the ultrasonic pulse oscillating unit 29 receives the electric pulse signal
generated by the electric pulse signal oscillating unit 28, the ultrasonic pulse oscillating unit 29 converts the received
electric pulse signal into ultrasonic pulses, and then transmits the obtained ultrasonic pulses to the fluid 17 via metal
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tube 18.

[0043] As shown in the schematic configuration diagram in Fig. 1, the transducer 15 is installed in the metal tube 18
from outside with the predetermined installation angle 6. The ultrasonic pulses transmitted from the transducer 15 are
cast into the fluid 17 flowing within the metal tube 18 along a measurement line ML shown in Fig. 1. Subsequently, the
ultrasonic pulses are reflected off the ultrasonic reflectors 19 mixed in the fluid 17. The reflected waves reflected by the
ultrasonic reflectors 19 return to the transducer 15.

[0044] The transducer 15 shown in Fig. 1 serves as the ultrasonic receiving means 24 along with the ultrasonic pulse
generating unit 29 of the ultrasonic pulse oscillating means 23 shown in Fig. 2. The ultrasonic receiving means 24
receives the reflected waves of the returned ultrasonic pulses, and convert these into an ultrasonic echo signal (analog
electric signal) according to the size of the received reflected waves. The ultrasonic echo signal obtained by the conversion
is transmitted to the signal processing means 25.

[0045] The signal processing means 25 shown in Fig. 2 comprises a BPF processing unit 31 for performing filtering
processing (hereinafter, referred to as band-pass filtering processing, i.e., BPF processing) so as to extract the same
frequency band as the ultrasonic waves used, of the received ultrasonic echo signals, an AD converter 32 for converting
the ultrasonic echo signal which is an analog signal into a digital signal (hereinafter, referred to as AD conversion), and
a WF processing unit 33 for performing filtering processing using a wall filter (hereinafter, referred to as WF) so as to
reduce a clutter noise component to be superimposed on the received ultrasonic echo signal.

[0046] With the signal processing means 25 shown in Fig. 2, a signal processing function is realized by the personal
computer 11 shown in Fig. 1 and the basic processing PG 20 cooperating. More specifically, upon the signal processing
means 25 receiving the ultrasonic echo signal serving as reflected waves, first, the ultrasonic echo signal is input to the
BPF processing unit 31. Then, the BPF processing unit 31 performs the BPF processing.

[0047] The BPF processing unit 31 comprises, for example, a low-pass filter (LPF) and a high-pass filter (HPF), or a
band-pass filter (BPF), and extracts only the frequency band of the ultrasonic pulses used for measurement from the
ultrasonic echo signal serving as reflected waves from the ultrasonic reflectors 19. As a result of performing the BPF
filtering processing, since noise included in the ultrasonic echo signal is suppressed, adverse affects due to noise included
in frequency components not used for measurement on flow-speed distribution and flow measurement are prevented.
[0048] After the BPF processing of the ultrasonic echo signal is completed at the BPF processing unit 31, next, the
ultrasonic echo signalis input to the AD converter 32. The AD converter 32 serves as AD converting means for performing
digital sampling regarding the received ultrasonic echo signal at high speed, and converting the analog signal into a
digital signal.

[0049] The AD-converted digital signal is temporally stored in, for example, memory (omitted in Fig. 1) built in the
personal computer 11 as digital data. The digital data stored in the memory can be recorded in recording means which
can be read by the personal computer 11, such as a hard disk built into the personal computer 11, flexible disk, CD-ROM,
DVD-ROM, or MO, for example. In addition, the resolution of the AD converter 32 can be increased to, for example, the
sampling frequency of 500 MHz per 8 bits.

[0050] Upon completion of converting the analog ultrasonic echo signal into digital ultrasonic echo signal by the AD
conversion, next, the AD converter 32 transmits the ultrasonic echo signal to the WF processing unit 33. The WF
processing unit 33, which comprises a WF, subjects the received ultrasonic echo signal to the WF processing. Clutter
noise to be superimposed on the ultrasonic echo signal is reduced by the WF processing unit 33 subjecting the ultrasonic
echo signal to the WF processing, thereby preventing adverse effects due to clutter noise on flow-speed distribution and
flow measurement.

[0051] Upon completion of subjecting the ultrasonic echo signal to the WF processing, all of the signal processing to
be performed at the signal processing means 25 shown in Fig. 2 is completed. The ultrasonic echo signal subjected to
the signal processing at the signal processing means 25 is input to the signal analyzing means 26 and then the input
ultrasonic echo signal is analyzed by the signal analyzing means 26. The signal analyzing means 26 calculates the
flow-speed distribution and flow of the fluid 17 flowing within the metal tube 18 shown in Fig. 1 by analyzing the input
ultrasonic echo signal.

[0052] With the signal analyzing means 26 shown in Fig. 2, a signal analyzing function is realized by the personal
computer 11 showninFig. 1, the ultrasonic flow-speed distribution and flow measurement PG 12, and the basic processing
PG 20 cooperating.

[0053] The signal analyzing means 26 comprises a reflector position-and-speed calculating unit 36 for calculating the
position and speed of the ultrasonic reflectors 19 within the fluid 17 shown in Fig. 1, a flow-speed distribution calculating
unit 37 for calculating the flow-speed distribution of the fluid from the positions and speeds of a great number of ultrasonic
reflectors (hereinafter, referred to as ultrasonic reflector group) calculated by the reflector position-and-speed calculating
unit 36, and a flow calculating unit 38 for calculating the flow of the fluid 17 from the flow-speed calculated by the
flow-speed distribution calculating unit 37.

[0054] The reflector position-and-speed calculating unit 36 calculates the positions and speeds of the ultrasonic re-
flectors 19 mixed in the fluid 17 from the ultrasonic echo signal input. With calculation of the positions and speeds of the
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ultrasonic reflectors 19, for example, in the event of the ultrasonic reflectors 19 in the fluid 17 flowing within the metal
tube 18 shown in Fig. 1, different positions on the measurement line ML are calculated with a certain pitch (hereinafter,
referred to as measurement pitch), and a several number of the speeds of the ultrasonic reflectors 19 are calculated as
to one position.

[0055] The position and speed calculating processing of the ultrasonic reflectors 19 is performed by the calculating
processing means such as the CPU of the personal computer 11 executing the ultrasonic flow-speed distribution and
flow measurement PG 12. Here, the measurement pitch is principally determined by the resolution (sampling frequency)
of the AD converter 32, so is set before measurement according to the inner diameter D of the metal tube 18, and the
type of the fluid 17 while considering the resolution of the AD converter 32.

[0056] The flow-speed distribution calculating unit 37 obtains a speed distribution by plotting the position and speed
of the ultrasonic reflector group calculated by the reflector position-and-speed calculating unit 36. The position-and-speed
plotting processing of the ultrasonic reflector group is performed by the calculating processing means such as the CPU
of the personal computer 11 executing the ultrasonic flow-speed distribution and flow measurement PG 12.

[0057] In the event that the ultrasonic flow-speed distributor and flowmeter 10 shown in Fig. 2 displays only the
flow-speed distribution of the fluid 17, the calculating processing means such as the CPU of the personal computer 11
executes the basic processing PG 20 to display the flow-speed distribution data output by the flow-speed distribution
calculating unit 37 on the display means capable of display, such as the display of the personal computer 11, as flow-speed
distribution.

[0058] On the other hand, in the event that the ultrasonic flow-speed distributor and flowmeter 10 shown in Fig. 2
displays a flow-speed distribution and flow, or flow, the flow-speed distribution data calculated by the flow-speed distri-
bution calculating unit 37 is input to the flow calculating unit 38.

[0059] The flow calculating unit 38 calculates flow by receiving the flow-speed distribution data calculated by the
flow-speed distribution calculating unit 37, and integrating the flow-speed distribution within the metal tube 18 along the
internal area of the metal tube 18 using the received flow-speed distribution data. The integral calculating processing
for calculating flow is performed by the calculating processing means such as the CPU of the personal computer 11
executing the ultrasonic flow-speed distribution and flow measurement PG 12.

[0060] With the ultrasonic flow-speed distributor and flowmeter 10 shown in Fig. 2, when the flow calculating unit 38
completing integral calculating processing (flow calculation), the calculating processing means such as the CPU of the
personal computer 11 executes the basic processing PG 20, and the flow calculation data calculated by the flow calculating
unit 38 is displayed on the display means capable of display such as the display of the personal computer 11 as flow.

[0061] Note that the ultrasonic flow-speed distributor and flowmeter 10 shown in Fig. 1 employs the portable computer
serving as means for executing a PG (hereinafter, referred to as PG executing means), but the PG executing means is
not restricted to the portable computer. The ultrasonic flow-speed distributor and flowmeter 10 shown in Fig. 1 is an
example, so the ultrasonic flow-speed distributor and flowmeter 10 may be configured with, for example, a desktop
personal computer which cannot be carry out, a workstation, a mainframe, or the like, as long as the ultrasonic flow-speed
distribution and flow measurement PG 12 is executable.

[0062] In addition, the emission trigger oscillating means 22, the ultrasonic pulse oscillating means 23, the electric
pulse signal generating unit 28 of the ultrasonic receiving means 24, the signal processing means 25, and the signal
analyzing means 26 may not always be configured such that only the personal computer 11 is cooperated with the PG.
For example, a trigger oscillating unit serving as the emission trigger oscillating means 22, which is driven by a signal
output from the personal computer 11, may be provided outside of the personal computer 11.

[Measurement of the flow-speed distribution and flow of a fluid]

[0063] Next, description will be made regarding the measurement operation of the flow-speed distribution and flow of
a fluid using the ultrasonic low-speed distributor and flowmeter 10.

[0064] Fig. 3 is an explanatory diagram representing in more detail the supply source of the fluid to be measured 17,
and the perimeter of the metal tube 18 in the schematic configuration diagram of the ultrasonic flow-speed distributor
and flowmeter 10 shown in Fig. 1.

[0065] For example, as shown in Fig. 3A and 3B, the transducer 15 is installed from outside in a position of x = 19D
(19-fold inner diameter D) in the tube-axis direction (x axial direction) from the tube start position (x = 0) of the metal
tube illustrated in Fig. 3 using the stainless steel tube 18a of which the inner diameter D is 41.2 mm ¢, and the radial
thickness is 3.7 mm. At the time of installation, the transducer 15 is disposed in water at an inclined angle 6 as to the
tube axis of the stainless steel tube 18a (metal tube 18). The transducer 15 is attached to the metal tube 18 (stainless
steel tube 18a) via an acoustic coupler, and is guided such that the ultrasonic pulses oscillated from the transducer 15
smoothly cast into the metal tube 18.

[0066] Reference numeral 41 denotes an overflow tank, reference numeral 42 denotes a contraction device, and
reference numeral 43 denotes a fluid tube installation container for installing the stainless steel tube 18a of an experiment
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region under the water. The water is employed in the present experiment facility as the fluid to be measured 17. Further,
F shown in the drawing indicates the direction of the water flow.

[0067] With the ultrasonic flow-speed distributor and flowmeter 10 shown in Fig. 1, the signal analyzing means 26
performs signal analysis based on the cross-correlation method. The cross-correlation method is a method for computing
the cross-correlation between two reflected waves (reference waves, search waves) obtained with a certain time interval,
and deriving the speed distribution of the fluid along the measurement line ML from the computed result. Time resolution
can be exponentially improved as compared to the conventional Doppler ultrasonic flowmeter by performing flow meas-
urement using the present method.

[0068] The flow-speeddistribution and flow measuring method using the ultrasonic flow-speed distributor and flowmeter
10 will be described with reference to Fig. 1 and Fig. 2.

[0069] Theflow-speed distribution and flow measuring method using the ultrasonic flow-speed distributor and flowmeter
10 comprises a emission trigger oscillating procedure, an ultrasonic oscillating procedure, an ultrasonic pulse receiving
procedure, a signal processing procedure, and a signal analyzing procedure. If we describe the procedures of this
flow-speed distribution and flow measuring method in order focusing on the function block diagram shown in Fig. 2, with
the ultrasonic flow-speed distribution and flow measuring method, first, the emission trigger oscillating procedure is
performed, which comprises an electric pulse signal generating process for receiving a trigger signal to generate an
electric pulse signal, and an ultrasonic pulse generating process for converting the electric pulse signal generated in
this electric pulse signal generating process into an ultrasonic pulse, which is then emitted.

[0070] With the emission trigger oscillating procedure, the trigger signal (electric signal) oscillated by the emission
trigger oscillating means 22 is transmitted to the electric pulse signal generating unit 28 of the ultrasonic pulse oscillating
means 23, and the AD converter 32 of the signal processing means 25. The trigger signal is used for matching the
point-in-time of receiving the ultrasonic echo signal, and the point-in-time of starting AD conversion, i.e., for synchroni-
zation.

[0071] Next, when the electric pulse signal generating unit 28 receives the trigger signal transmitted from the emission
trigger oscillating means 22, the electric pulse signal generating unit 28 generates, as the electric pulse signal generating
process, an electric pulse signal, and transmits the generated electric pulse signal to the ultrasonic pulse generating
unit 29. The ultrasonic pulse generating unit 29 converts the received electric pulse signal into ultrasonic pulses, as the
ultrasonic pulse generating process, and emits the obtained ultrasonic pulses.

[0072] The above procedures from oscillation of the trigger signal (electric signal) in the emission trigger oscillating
procedure until emission of the ultrasonic pulses in the ultrasonic pulse generating procedure have been described
focusing on the function blocks shown in Fig. 2; next, this will be described focusing on the measurement system
configuration shown in Fig. 1.

[0073] The procedures from oscillation of the trigger signal (electric signal) in the emission trigger oscillating process
until transmission of the ultrasonic pulses in the ultrasonic pulse generating process are performed by the personal
computer 11 and the ultrasonic flow-speed distribution and flow measurement PG 12 cooperating.

[0074] The generated electric pulse signal is transmitted from the personal computer 11 to the transducer 15 connected
thereto via the connector cable 14, and the transducer 15 receives the electric pulse signal. The transducer 15 receives
the electric pulse signal, for example, converts this into an ultrasonic burst signal in a sine wave shape of 4 MHz, and
performs oscillation of the ultrasonic pulses.

[0075] While the transducer 15 projects the ultrasonic pulse beam in the metal tube 18, the transducer 15 starts
reception of the reflected waves from the ultrasonic reflectors 19 such as bubbles and particles mixed in the fluid to be
measured 17 following oscillation of the ultrasonic pulses, and receives the ultrasonic echo signal of the obtained reflected
waves. The received ultrasonic echo signal is transmitted from the transducer 15 to the personal computer 11 connected
thereto via the connector cable 14.

[0076] Whenthe personal computer 11 receives the ultrasonic echo signal, the personal computer 11 and the ultrasonic
flow-speed distribution and flow measurement PG 12 cooperate to perform the signal processing and signal analysis of
the received ultrasonic echo signal. Description will be made regarding the signal processing and signal analysis of the
received ultrasonic echo signal performed by the personal computer 11 and the ultrasonic flow-speed distribution and
flow measurement PG 12 cooperating with reference to Fig. 2.

[0077] The signal processing means 25 perform the signal processing serving as the signal processing procedure
regarding the ultrasonic echo signal received by the ultrasonic receiving means 24. The signal processing procedure
performed by the signal processing means 25 comprises a BPF processing process for subjecting the ultrasonic echo
signal to BPF processing according to the ultrasonic frequency thereof, an AD conversion process for subjecting the
ultrasonic echo signal following the BPF processing to the AD conversion, and a WF processing process for subjecting
the digital ultrasonic echo signal to WF processing.

[0078] As forthe signal processing procedure performed by the signal processing means 25, first, as the BPF process-
ing process, the BPF processing unit 31 subjects the ultrasonic echo signal to the BPF processing corresponding to the
ultrasonic frequency thereof, and thus the BPF processing is performed, next, the AD conversion process is performed
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wherein the AD converter 32 subjects the ultrasonic echo signal input to the AD converter 32 to digital sampling processing
at high speed for digitalization.

[0079] Fig. 4 shows an explanatory diagram for describing the relation between the trigger signal, the ultrasonic echo
signal received waveform, and the sampling timing of the AD converter 32.

[0080] In Fig. 4, the horizontal axis represents a time axis, and the vertical axis is a signal level, the upper case
illustrates change over time of the trigger signal, the middle case illustrates change over time of the ultrasonic echo
signal received waveform, and the lower case illustrates change over time of the sampling timing of the AD converter
32. As shown in the upper case of Fig. 4, a pulse-shaped signal as the trigger signal is continuously output for each
predetermined time (1) interval, for example. The reception of the ultrasonic echo signal and the sampling timing of the
AD converter 32 are controlled in sync with the timing of this trigger signal.

[0081] As shown in the lower case of Fig. 4, the AD converter 32 subjects the ultrasonic echo signal to digital sampling
processing in an extremely short time width, for example, for each 1 s, and acquires the digital ultrasonic echo signal,
i.e., acquires a necessary sequenced number of time-series data (e.g., 512 sequences). Upon the AD converter 32
completing acquisition of a necessary sequenced number of time-series data, the WF processing unit 33 subjects the
digital ultrasonic echo signal to the WF processing as the WF processing process.

[0082] The WF processing unit 33, as the WF processing process, first, performs a corresponding point-in-time echo
level signal acquisition step for acquiring the relation between the number of sequences and the signal level (hereinafter,
referred to as corresponding point-in-time echo level signal) from the digitalized ultrasonic echo signal (for the amount
of 512 sequences). Then, the WF processing unit 33 performs an FFT processing step for subjecting the corresponding
point-in-time echo level signal to Fourier transform using a method such as high Fourier transform (what is called FFT).
[0083] Subsequently, the WF processing unit 33 performs a clutter noise reduction processing step for subjecting the
frequency equivalent components of the corresponding point-in-time echo level signal obtained in the FFT processing
step to filtering processing employing an S/N ratio as a threshold. The clutter noise included in the ultrasonic echo signal
is reduced by the filtering processing employing an S/N ratio as a threshold, thereby preventing adverse affects on
flow-speed distribution and flow measurement.

[0084] Upon the filtering processing employing an S/N ratio as a threshold (clutter noise reduction processing step)
being completed, the WF processing unit 33 performs inverse FFT processing for subjecting the frequency components
of the corresponding point-in-time echo level signal to inverse Fourier transform as an inverse FFT processing step,
following which arrays the digital ultrasonic echo signal (time-series data) in sequenced order again for restructuring,
thereby obtaining the digital ultrasonic echo signal of which the clutter noise component is reduced. Upon the inverse
FFT processing being completed, the WF processing process is completed, which completes the signal processing
procedure of the ultrasonic echo signal. The signal analyzing means 26 subjects the ultrasonic echo signal of which the
signal processing is completed to signal analysis as a signal analyzing procedure.

[0085] The signal analysis of the ultrasonic echo signal performed by the signal analyzing means 26 as the signal
analyzing procedure is, by analyzing the ultrasonic echo signal using the cross-correlation method, to obtain a flow-speed
distribution along the measurement line (the diameter direction line of the stainless steel tube 18a) ML of the fluid 17
flowing within the metal tube 18, or to obtain flow by obtaining a flow-speed distribution along the ML, and integrating
the obtained flow-speed distribution along the internal area of the stainless steel tube 18a.

[0086] The signal analyzing procedure comprises a reflector position-and-speed calculating process for calculating
the position and speed of the ultrasonic reflector group within the fluid 17, a flow-speed distribution calculating process
for calculating the flow-speed distribution of the fluid from the position and speed of the ultrasonic reflector group within
thefluid 17 calculated in the reflector position-and-speed calculating process, and a flow calculating process for calculating
flow by subjecting the flow-speed distribution calculated in this flow-speed distribution calculating process to integral
calculation along the internal area of the metal tube 18.

[0087] With the signal analysis of the ultrasonic echo signal as the signal analyzing procedure, first, the reflector
position-and-speed calculating unit 36 calculates the position and speed of the ultrasonic reflector group as the reflector
position-and-speed calculating process. Calculation of the position and speed of the ultrasonic reflector group is per-
formed regarding the cross-correlation between the consecutive sequences, i.e., reflected waves (reference waves) 45
included in the n’'th sequence and the reflected waves (search waves) 46 included in the n + 1'th sequence (n is an
integer satisfying 1 <n <511) of the digital ultrasonic echo signal subjected to 512-sequences sampling in an extremely
short time width, e.g., for each 1 ps.

[0088] With calculation of the cross-correlation between the reference waves 45 and the search waves 46 performed
as a cross-correlation calculating processing step, the size of a search window is set using a flexible search window
method (the details thereof will be described later), the cross-correlation as to the reference waves 45 in a necessary
search range in the search waves 46 is performed from n = 1 to n = 511. Subsequently, the cross-correlation between
the reference waves 45 and the search waves 46 is computed, and in the event that the obtained cross-correlation value
is equal to or greater than a steady value (threshold), a phase identifying step for regarding the reflected waves as the
reflected waves from the same ultrasonic reflector 19, and subsequently, the phase difference between the reference
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waves 45 and the search waves 46 identified in the phase difference identifying step is obtained, and a position-and-speed
calculating step for calculating the positions and speeds of the ultrasonic reflectors 19 from the phase difference thereof
is performed.

[0089] Thus, in the event that the cross-correlation value between the reference waves 45 and the search waves 46
is equal to or greater than a steady value (threshold), the reflected waves are regarded as the reflected waves from the
same ultrasonic reflector 19, and the position and speed of each ultrasonic reflector 19 which reflected off the ultrasonic
waves within the fluid 17 is calculated. Subsequently, the flow-speed distribution calculating unit 37 calculates the
flow-speed distribution of the fluid 17 from the position and speed of the ultrasonic reflector group calculated as the
flow-speed distribution calculating process.

[0090] The flow-speed distribution calculating unit 37 calculates the flow-speed distribution of the fluid to be measured
17 from the obtained position and speed data of the ultrasonic reflector group. Calculation of the flow-speed distribution
of the fluid 17 is made wherein the flow-speed of the fluid 17 is regarded as the speed of the ultrasonic reflector group
suspended in the fluid 17, and the relation between the position of the metal tube 18 (stainless steel tube 18a) and the
speed of the ultrasonic reflector group at the position thereof, i.e., the flow-speed distribution of the fluid 17 within the
metal tube 18 is calculated from the obtained position and speed data of the ultrasonic reflector group.

[0091] Upon the flow-speed distribution of the fluid 17 being calculated, subsequently, the flow calculating unit 38
calculates flow by integrating the calculated flow-speed distribution of the metal tube 18 along the internal area of the
metal tube 18 as the flow calculating process. When the flow calculating unit 38 completes the integration calculating
processing (flow calculation), the calculated flow is displayed on the display means capable of displaying such as the
monitor of the personal computer 11.

[0092] Note that the signal analyzing procedure comprises the reflector position-and-speed calculating process, the
flow-speed distribution calculating process, and the flow calculating process, but the signal analyzing procedure may
comprise the reflector position-and-speed calculating process, and the flow-speed distribution calculating process. In
this case, the ultrasonic flow-speed distributor and flowmeter 10 calculates only the flow-speed distribution of the fluid
17 within the metal tube 18, does not perform calculation of the flow thereof, and the flow-speed distribution is displayed
on the display means such as the monitor of the personal computer 11.

[Processing flow of the program]

[0093] Description will be made regarding the content of the ultrasonic flow-speed distribution and flow measurement
processing (hereinafter, referred to as ultrasonic flow-speed distribution and flow measurement processing method)
performed by the personal computer 11 executing the ultrasonic flow-speed distribution and flow measurement PG 12
with the ultrasonic flow-speed distributor and flowmeter 10 shown in Fig. 1 along the processing procedures thereof.
[0094] Fig.5is aprocess flowchart for describing the ultrasonic flow-speed distribution and flow measurement process-
ing method performed by the personal computer 11 executing the ultrasonic flow-speed distribution and flow measure-
ment PG 12 with the ultrasonic flow-speed distributor and flowmeter 10 shown in Fig. 1.

[0095] According to Fig. 5, the ultrasonic flow-speed distribution and flow measurement processing method comprises
a signal processing procedure for subjecting the received ultrasonic echo signal to signal processing, and a signal
analyzing procedure for obtaining the flow-speed and flow of the fluid 17 by subjecting the ultrasonic echo signal following
the signal processing to signal analysis.

[0096] The signal processing procedure comprises a BPF processing process for performing BPF processing for
extracting the same frequency band as the ultrasonic waves used of the received ultrasonic echo signals, an AD con-
version process for subjecting the ultrasonic echo signal to an AD conversion, and a WF processing process for reducing
the clutter noise component which is superimposed on the ultrasonic echo signal.

[0097] The signal analyzing procedure comprises a reflector position-and-speed calculating process for calculating
the position and speed of the ultrasonic reflector group within the fluid to be measured 17, a flow-speed distribution
calculating process for calculating the flow-speed distribution of the fluid from the calculated position and speed of the
ultrasonic reflector group in the reflector position-and-speed calculating process, and a flow calculating process for
calculating the flow of the fluid 17 from the calculated flow-speed distribution in the flow-speed distribution calculating
process.

[0098] Description will be made regarding the processing content of each processing process of the signal processing
procedure and the signal analyzing procedure included the ultrasonic flow-speed distribution and flow measurement
processing method.

[0099] With the ultrasonic flow-speed distribution and flow measurement processing method shown in Fig. 5, first, the
calculating processing means such as the CPU built in the personal computer 11 reads out and executes the ultrasonic
flow-speed distribution and flow measurement PG 12, and the ultrasonic flow-speed distribution and flow measurement
PG 12 executes the signal processing procedure (step S1 through S3) and the signal analyzing procedure (step S4
through S6).
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[0100] Withthe signal processing procedure in the ultrasonic flow-speed distribution and flow measurement processing
method, the BPF processing process is performed in step S1, the AD conversion process is performed in step S2, and
the WF processing process is performed in step S3.

[0101] With the BPF processing process performed in step S1, only the frequency band of the ultrasonic pulses used
for measurement is extracted from the ultrasonic echo signal received from the transducer 15 shown in Fig. 1. The
frequency bandwidth to be extracted is input and set according to the frequency of the ultrasonic pulses to be used
before start of measurement.

[0102] The specific processing content of the BPF processing process differs depending on the configuration of the
BPF processing unit 31 shown in Fig. 2. For example, in the event of the BPF processing unit 31 comprising a low-pass
filter (LPF) and a high-pass filter (HPF), two-step processing comprising low-pass filtering processing and high-pass
filtering processing is performed, but in the event of the BPF processing unit 31 comprising a band-pass filter (BPF),
one-step processing comprising band-pass filtering processing is performed. However, even in either case, only the
frequency band of the ultrasonic pulses used for measurement is eventually extracted.

[0103] Upon only the frequency band of the ultrasonic pulses used for measurement being extracted from the ultrasonic
echo signal, the BPF processing process (step S1) is completed, and subsequently, the AD conversion process (step
S2) is performed. In the AD conversion process performed in step S2, the ultrasonic echo signal subjected to the BPF
processing in the BPF processing process in step S1 is subjected to digital sampling to acquire time-series data (e.g.,
for the amount of 512 sequences). The setting of the number of sampling (e.g., the number of sampling per 1 sequence)
is input and set before start of measurement.

[0104] Upon digital sampling as to the acquired time-series data being completed, the AD conversion process (step
S2)is completed. Upon the AD conversion process (step S2) being completed, subsequently, the WF processing process
(step S3) is performed. The WF processing process performed in step S3 is filtering processing using a WF (wall filter)
as to the ultrasonic echo signal digitized in the AD conversion process in step S2.

[0105] Fig. 6 shows a processing flowchart representing more detailed processing steps of the WF processing process
(step S3) in the signal processing procedure.

[0106] According to Fig. 6, the WF processing process in step S3 shown in Fig. 5 comprises, as to each sequence
digital ultrasonic echo signal (time-series data), a corresponding point-in-time echo level signal acquisition step (step
S11) for obtaining the relation between the number of sequences and the signal level, a FFT processing step (step S12)
for subjecting the signal obtained in the corresponding point-in-time echo level signal acquisition step to the FFT (high-
speed Fourier transform), a clutter noise reduction processing step (step S13) for subjecting the frequency equivalent
components of the signal following the FFT processing to filtering processing of which the S/N ratio is taken as a threshold,
and an inverse FFT processing step (step S14) for subjecting the signal following the clutter noise reduction processing
step to the inverse FFT , processing.

[0107] With the WF processing process in step S3, first, a signal level at arbitrary point-in-time corresponding to
elapsed time since the start point-in-time of each sequence or the like (hereinafter, referred to as corresponding
point-in-time) is acquired from each sequence of the digital ultrasonic echo signal in step S11 (hereinafter, the signals
obtained by arraying the acquired signal levels from the sequence number 1 in order are referred to as corresponding
point-in-time echo level signals).

[0108] Similarly, the signal level of each sequence regarding the corresponding point-in-time 1, and so on through T
other than 14 (j is an arbitrary integer, but at least j > 3 in the above example) is obtained as well. Note that the number
of corresponding point-in-time to acquire a signal level may be programmed beforehand, or may be input and set before
start of measurement. Upon the corresponding point-in-time echo level signals being obtained, the corresponding
point-in-time echo level signal acquisition step (step S11) is completed, and subsequently in step S12, the FFT processing
step is performed.

[0109] With the FFT processing step in step S12, the corresponding point-in-time echo level signal is subjected to the
FFT processing to obtain the frequency equivalent components of the corresponding point-in-time echo level signal.
Upon the frequency equivalent components of the corresponding point-in-time echo level signal being obtained, the FFT
processing step (step S12) is completed, and subsequently in step S13, the clutter noise reduction processing step is
performed.

[0110] With the clutter noise reduction processing step in step S13, low-frequency equivalent components are dis-
carded from the frequency equivalent components of the corresponding point-in-time echo level signal. Thus, the clutter
noise to be superimposed on the ultrasonic echo signal is reduced. The threshold setting of the filtering processing in
the clutter noise reduction processing step is input and set before start of measurement.

[0111] Upon the clutter noise reduction processing step (step S13) being completed, subsequently, the inverse FFT
processing step is performed in step S14, and the frequency components of the ultrasonic echo signal following the
clutter noise reduction processing are subjected to the inverse FFT processing to obtain the corresponding point-in-time
echo level signal (for the amount of 512 sequences).

[0112] Upon the inverse FFT processing step in step S14 being completed to obtain the corresponding point-in-time
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echo level signal, the WF processing process in step S3 shown in Fig. 5 is completed. Further, upon completion of the
WF processing process (step S3), all the processing processes of the signal processing procedure in the ultrasonic
flow-speed distribution and flow measurement processing method are completed. Upon the signal processing procedure
being completed, subsequently, the signal analyzing procedure (step S4 through step S6) is performed.

[0113] The signal analyzing procedure in the ultrasonic flow-speed distribution and flow measurement processing
method shownin Fig. 5 comprises a reflector position-and-speed calculating process (step S4) for calculating the positions
and speeds of the ultrasonic reflectors 19 within the fluid 17, a flow-speed distribution calculating process (step S5) for
calculating the flow-speed distribution of the fluid from the calculated position and speed of the ultrasonic reflector group
in the reflector position-and-speed calculating process, and a flow calculating process (step S6) for calculating the flow
of the fluid 17 from the flow-speed calculated in the flow-speed distribution calculating process.

[0114] With the signal analyzing procedure in the ultrasonic flow-speed distribution and flow measurement processing
method, the reflector group position-and-speed calculating process is performed in step S4, the flow-speed distribution
calculating process is performed in step S5, and the flow calculating process is performed in step S6.

[0115] Fig. 7 shows a processing flowchart representing more detailed processing steps of the reflector group posi-
tion-and-speed calculating process (step S4) in the signal analyzing procedure.

[0116] According to Fig. 7, the reflector group position-and-speed calculating process in step S4 shown in Fig. 5
comprises a cross-correlation computing processing step (step S21), a phase identifying step (step S22), a phase
difference computing step (step S23), a position-and-speed calculating step (step S24), and a search completion de-
termining step (step S25).

[0117] With the reflector group position-and-speed calculating process, first, the cross-correlation computing process-
ing step is performed in step S21, where the cross-correlation between the reference waves 45 and the search waves
46 is computed using the cross-correlation method to calculate a correlation value. Calculation of the correlation value
is made wherein the size of the search window of the search waves 46 is set using the flexible search window method
(the details thereof will be described later), and the cross-correlation between the search range of the search waves 46
andthe reference range of the reference waves 45 is computed. Upon calculation of the correlation value being completed,
the cross-correlation computing processing step (step S21) is completed, subsequently, the phase identifying step is
performed in step S22.

[0118] with the phase identifying step in step S22, the phase of the search waves 46 having the relation wherein the
correlation value obtained in the cross-correlation computing processing step (step S21) is equal to or greater than a
threshold s is identified. The threshold s is set before execution or at runtime of the PG. The phase identifying step (step
S22) is completed, and subsequently, the phase difference computing step is performed in step S23.

[0119] With the phase difference computing step in step S23, the phase difference between the phase of the identified
search waves 46 and the phase of the referred reference waves 45 is computed. Upon computation of the phase
difference being completed, the phase difference computing step (step S23) is completed, and subsequently, the posi-
tion-and-speed calculating step is performed in step S24.

[0120] With the position-and-speed calculating step in step S24, the positions and speeds of the ultrasonic reflectors
19 in the search range of the search waves 46 are calculated from the computed phase difference. Upon calculation of
the positions and speeds of the ultrasonic reflectors 19 in the search range of the search waves 46 being completed,
the position-and-speed calculating step (step S24) is completed, and subsequently, the search completion determining
step is performed in step S25.

[0121] With the search completion determining step in step S25, determination is made regarding whether or not
search has been completed regarding all of the search ranges to be searched with the search waves 46. In the event
that search has not been completed regarding all of the search ranges (in the case of NO in step S25), the flow proceeds
to step S21, where the processing steps on and after step S21 are repeated. The position and speed of the ultrasonic
reflector group flowing within the fluid 17 are calculated by repeating the processing steps on and after step S21. On
the other hand, in the event that search has been completed regarding all of the search ranges (in the case of YES in
step S25), the reflector group position-and-speed calculating process ends.

[0122] Asshownin Fig. 5, upon the reflector group position-and-speed calculating process (step S4) being completed,
subsequently, the flow-speed distribution calculating process (step S5) is performed. With the flow-speed distribution
calculating process in step S5, the relation between the position and speed of the ultrasonic reflector group, i.e., the
flow-speed distribution is calculated from the position and speed of the reflector group calculated in the reflector group
position-and-speed calculating process. When calculating the flow-speed distribution, all of the speeds of the ultrasonic
reflectors 19 acquired at the same position at the same corresponding point-in-time (e.g., corresponding point-in-time
T4) in each sequence are subjected to averaging or root-mean-square to calculate the flow-speed distribution.

[0123] Upon the flow-speed distribution being calculated, the flow-speed distribution calculating process (step S5) is
completed, and subsequently, the flow calculating process (step S6) is performed. With the flow calculating process in
step S6, flow is calculated by integrating the calculated flow-speed distribution within the metal tube 18 along the internal
area of the metal tube 18. Atthis time, information necessary for integral computation other than the flow-speed distribution
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such as the inner diameter D of the metal tube 18 is input and set before the ultrasonic flow-speed distribution and flow
measurement processing is performed.

[0124] Upon calculation of flow being completed, the flow calculating process (step S6) is completed, and all of the
processing processes of the signal analyzing procedure are completed. Upon the signal analyzing procedure being
completed, all of the processing procedures in the ultrasonic flow-speed distribution and flow measurement processing
method are completed. Display of the ultrasonic flow-speed distribution and flow measurement processing results is
performed by the computing processing means such as the CPU buiilt in the personal computer 11 reading out and
executing the basic processing PG 20 following completion of all processing procedures of the ultrasonic flow-speed
distribution and flow measurement PG 12.

[0125] Note that in the event that the ultrasonic flow-speed distributor and flowmeter 10 shown in Fig. 1 performs
calculation of flow-speed alone, with the signal analyzing procedure of the ultrasonic flow-speed distribution and flow
measurement processing method, the flow calculating process (step S6) is omitted, and display of a flow-speed distri-
bution is performed following completion of the flow-speed distribution calculating process (step S5).

[0126] Further, with the above ultrasonic flow-speed distribution and flow measurement processing method, display
of the calculated flow-speed distribution or flow is performed by the personal computer 11 reading out and executing
the basic processing PG 20, but an arrangement may be made wherein the processing operations until display of the
flow-speed distribution and flow can be performed by executing the ultrasonic flow-speed distribution and flow meas-
urement PG 12.

[Measurement principle of the ultrasonic flow-speed distributor and flowmeter]

[0127] As shown in Fig. 3, when the transducer 15 of the ultrasonic flow-speed distributor and flowmeter 10 is set to
the stainless steel tube 18a present under the water, and water 17 serving as a fluid in which tracer particles 19 serving
as ultrasonic reflectors are suspended is poured in the stainless steel tube 18a, the flow-speed distribution of the fluid
17 is measured.

[0128] The flow-speed distribution of the fluid 17 is measured by obtaining the speed distribution of the tracer particles
(ultrasonic reflectors) 19 within the fluid 17. This is because the tracer particles 19 move along with the flow of the fluid
17, so the speed of the tracer particles 19 can be regarded as the speed of the fluid 17.

[0129] Fig. 8 shows an explanatory diagram for describing movement of the tracer particles 19 flowing within the metal
tube 18.

[0130] The flow-speed distribution and flow measurement of the fluid 17 in the ultrasonic flow-speed distributor and
flowmeter 10 is performed by obtaining the movement amount Ax of the tracer particles 19 at point-in-time t = to + At,
which have been captured at point-in-time t = to by ultrasonic waves (hereinafter, referred to as ultrasonic beam) 49
going straight in a beam shape within the fluid 17, as shown in Fig. 8.

[0131] When measuring the flow-speed distribution of the fluid 17, upon ultrasonic pulses being transmitted from the
piezoelectric element of the transducer 15 along the measurement line ML, the transmitted ultrasonic pulses are reflected
off the surfaces of the tracer particles 19 serving as ultrasonic reflectors, and returned to the transducer 15. The reflected
waves occur in various places of the fluid field within the stainless steel tube 18a, so the reflected waves emerge such
as shown in Fig. 9.

[0132] Fig. 9 is an explanatory diagram for describing regarding the ultrasonic echo signal serving as the reflected
waves of the ultrasonic pulses oscillated from the transducer of the ultrasonic flow-speed distributor and flowmeter
according to the present invention.

[0133] In Fig. 9, the ultrasonic burst signal (ultrasonic echo signal) "a" emerging first is called an emission region,
which is a signal caused by vibration of the piezoelectric element remaining immediately following oscillation of ultrasonic
waves. An ultrasonic burst signal b emerging next according to the upper portion of the tube is a signal caused by
difference of acoustic impedance between the water and stainless steel, and an ultrasonic burst signal ¢ according to
the lower portion of the tube is the same as the signal b. A signal d between the ultrasonic burst signals b and c includes
fluid flow-speed information within the stainless steel tube 18a, and the tracer particles 19 exist at peaks thereof.
[0134] The positions of the tracer particles 19 are obtained from the ultrasonic burst signal d serving as reflected
waves. If we say that the distance from the transducer 15 to the tracer particle 19 is x, the elapsed time since oscillation
of ultrasonic pulses until reception of reflected waves is 1, and the speed of ultrasonic waves is c, the following relation
holds.
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[Expression 1]
cT
2

X =

[0135] Upon this oscillation of ultrasonic pulses and reception of reflected waves being performed again following a
time interval At, the same reflected waves can be obtained, but upon the fluid 17 moving during the time interval At, the
tracer particle 19 also moves in a slaved tracking manner. Consequently, the elapsed time 1t until reception of reflected
waves also changes.

[0136] Fig. 10 is an explanatory diagram for describing measurement principle for measuring the flow-speed of a fluid
using the cross-correlation method.

[0137] As shown in Fig. 10, if we say that x is the distance from the transducer, Ax is the movement amount of the
tracer particle 19 which has moved during At, 1 is the time delay since the ultrasonic pulses have been emitted, and At
is the time delay changed during At since the ultrasonic pulses have been emitted, x directional speed u(x) at a certain
position x is represented with the following expression.

[Expression 2]

Ax c-At
X)= — = — e 2
u(x) At 2-At )

[0138] Reflection of the ultrasonic pulses occurs in various places on the measurement line ML, so the flow-speed
measurement of the fluid on this measurement line ML can be performed simultaneously, thereby obtaining the flow-speed
distribution of the fluid.

[0139] In the event that the flow-speed distribution measurement of the fluid is performed n times (however, n is a
positive integer satisfying n > 2) in the time interval At by consecutively inputting pulse signals, n - 1 sheet of the
consecutive flow-speed distribution data of time resolution At can be acquired.

[Cross-correlation function]

[0140] Incidentally, the reflected waves due to the tracer particles 19 are, by sufficiently reducing the oscillation interval
At of the ultrasonic pluses as to the flow-speed fluctuation scale of the fluid, generally stored during the time interval
(oscillation interval) At.

[0141] Following the analog ultrasonic echo signal of the input reflected waves being subjected to high-sampling
processing to be converted into digital signal at the AD converter 32, the signal processing mean 25 of the ultrasonic
flow-speed distributor and flowmeter 10 computes the cross-correlation function of two reflected waves obtained with
the oscillation interval At of the ultrasonic pulses. For the purpose of distinguishing reflection from the same ultrasonic
reflector 19 within the fluid 17, by setting a threshold as to the maximum value set as cross-correlation, or a threshold
as to the shape storage stability of cross-correlation, determination can be made regarding whether or not reflection is
reflection from the same tracer particle group based on a quantified numeric value.

[0142] Generally, a cross-correlation function (R(g, 1)) is defined as follows.

[Expression 3]

mi2

DAy (D) = A (D) Ay (T+i+ )= A, (T +£))
R(e,7) = m/z"=""’2 — e 3)
‘[ __Z/(A,d.(r +1) = 4,,(1)’ \/ ._ZlgAim (r+i+&)— Ay (T +6)) '

[0143] Herein,
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m/2

> A (r+i)
Aref(T) = ﬂBT__ ...... (4)

mi2
Z A, (t+i+e)

A;m(T+ 8) = i=—-mi2

m

[0144] < denotes time delay serving as a reference, i denotes a position of within the reference/search window, &
denotes slippage between the reference window and the search window, and m denotes the periodic amount of ultrasonic
pulses respectively.

[0145] Determination is made quantitatively regarding whether or not reflected waves are the reflected waves from
the same tracer particle group using this cross-correlation function R(e, 1), each time delay t is computed, thereby
obtaining the time amount-of-change At. That is to say, the time delays 1 of the reflected waves (reference waves)
obtained first and the next reflected waves (search waves) are obtained, and the difference (time difference) of the time
delays 7 of these two reflected waves becomes Ar.

[0146] On the other hand, the arrival time difference At of the reflected waves due to the oscillation interval At of the
ultrasonic pulses necessary for obtaining the flow-speed distribution speed of the fluid is obtained by using the cross-cor-
relation function of the reflected waves subjected to digital sampling.

[0147] This cross-correlation function R(g, 1) is obtained by scattered reflected waves having a sampling time interval,
the shorter the interval At is, the more the shape of the pulse reflected waves from the tracer particle group is stored,
and accordingly, a technique for obtaining At with a more finely divided mesh is indispensable.

[0148] Accordingly, reducing the interval of At can be realized by performing interpolation using normal distribution
approximation, for example. The peak of the cross-correlation function can be obtained with more finely divided mesh
by this interpolation, resulting in improvement of speed resolution as well.

[0149] Now, if we say that the maximum value of each correlation value obtained in a scattered manner is Py, and the
correlation values theretofore and thereafter are P,_4 and P, respectively, the following relation holds.

[Expression 4]
AT = k+l( log(f’k—l)—log(f)/wl) ) ______ (6)
2 'log(F,.,) - 2log(R,) +log(F.,)

[0150] With the ultrasonic flow-speed distributor and flowmeter according to the present invention, speed resolution
can be markedly improved by performing signal processing including interpolation using this distribution approximation.

[Clutter noise reduction method using a wall filter]

[0151] With the ultrasonic flow-speed distributor and flowmeter 10, in the event of employing the metal tube 18 as a
fluid tube for guiding the fluid to be measured 17, upon the flow-speed distribution and flow measurement of the fluid to
be measured 17 being performed, a noise component called clutter noise is markedly superimposed on the received
ultrasonic echo signal. The erroneous position and speed information of the tracer particle may be obtained due to this
noise component. Clutter noise reduction processing using a WF is performed to avoid this. Hereinafter, description will
be made regarding the clutter noise reduction processing method using a WF.

[0152] Fig. 11 shows an explanatory diagram describing change over time of the trigger signal, ultrasonic echo signal,
and clutter noise.

[0153] As shown in Fig. 11, the clutter noise of each sequence is generally the same even in any sequence, which is
noise causing damped oscillation concurrently with passage of time. This clutter noise is noise wherein the noise for the
amount of the number of sequences is shifted by time difference Tt and superimposed, so includes various types of
frequency components, and also includes n peaks at each start point-in-time of 1st through n’th sequence such as shown
in Fig. 11.

16



10

15

20

25

30

35

40

45

50

55

EP 1 630 529 A1

[0154] Accordingly, with the conventional filtering processing using an LPF and an HPF, or the conventional filtering
processing using a BPF, clutter noise including various types of frequency components could not have been subjected
to filtering processing effectively, the portions where clutter noise occurs have been regarded as the reflected waves of
ultrasonic pulses from the tracer particle group, and signal analysis has been made wherein clutter noise is erroneously
treated as a valid signal.

[0155] Therefore, filtering processing (WF processing) using a WF is performed to prevent clutter noise from being
regarded as a valid signal, and to sufficiently reduce clutter noise as to a valid signal. With the WF processing, first, a
corresponding point-in-time echo signal is acquired from the digital ultrasonic echo signal.

[0156] Fig. 12 shows an explanatory diagram describing the relation between the sequence number (n) and the signal
level of the digital ultrasonic echo signal, i.e., the corresponding point-in-time echo signal.

[0157] Fig. 12A illustrates that the digital ultrasonic echo signals corresponding to from 1st sequence (hereinafter,
referred to as sequence #1. The same to the other sequence order.) to n’th sequence are arrayed. In Fig. 12A, the
horizontal axis T is the time axis, which shows elapsed point-in-time since the start point-in-time (T = 0) of each sequence
shown in Fig. 11, and the vertical axis shows a signal level. Note that T = 1 corresponds to the oscillation cycle 1 of the
emission trigger shown in Fig. 11.

[0158] On the other hand, Fig. 12B illustrates the corresponding point-in-time echo level signal, which is the digital
ultrasonic echo signal level of each sequence (sequence #1 through sequence #n) at the corresponding point-in-time
T = 4. The corresponding point-in-time echo level signal illustrated in Fig. 12B is obtained by sampling the digital
ultrasonic echo signals of sequence #1 through sequence #n at T = 1, illustrated in Fig. 12A.

[0159] The corresponding point-in-time echo level signal illustrated in Fig. 12B comprises the amount of an arbitrary
number, for example, the amount of a number j (j is an arbitrary positive integer) wherein the corresponding point-in-time
10000 points or the like are set. The corresponding point-in-time echo level signal thus obtained is subjected to the FFT
processing, and the frequency equivalent component to be obtained is subjected to filtering processing employing an
S/N ratio as a threshold.

[0160] Fig. 13is an explanatory diagram representing the schematic waveform of the frequency equivalent component
obtained by subjecting the corresponding point-in-time echo level signal to the FFT processing.

[0161] As shown in Fig. 13, the waveform of the frequency equivalent component obtained by subjecting the corre-
sponding point-in-time echo level signal to the FFT processing is a waveform wherein a low-frequency equivalent com-
ponent is superimposed on a direct-current equivalent component having almost no change as to the sequence number
of the horizontal axis. This low-frequency equivalent component is a clutter noise component. The low-frequency equiv-
alent component to be superimposed on the direct-current equivalent component, i.e., the clutter noise component is
reduced by the filtering processing employing an S/N ratio as a threshold.

[0162] With this filtering processing, in the event that the S/N ratio at each sequence is greater than the threshold, the
frequency equivalent component is treated as a valid signal (reflected waves), and is utilized at the time of calculating
cross-correlation. Otherwise, the frequency equivalent component is treated as clutter noise, thereby distinguishing
between the reflected waves (valid signal) and clutter noise.

[0163] Following the low-frequency equivalent component being subjected to the filtering processing, of the waveform
of the frequency equivalent component obtained by subjecting the corresponding point-in-time echo level signal to the
FFT processing, the waveform of the frequency equivalent component is subjected to the inverse FFT processing to
obtain a corresponding point-in-time echo level signal.

[0164] Fig. 14 is an explanatory diagram comparing the flow-speed distribution obtained in the case of employing the
conventional cross-correlation method with the flow-speed distribution obtained in the case of employing the clutter noise
reduction technique using a WF. Note that in Fig. 14, the horizontal axis denotes a position within the metal tube 18 in
the depth direction of the metal tube 18 (y axial direction shown in Fig. 3), and the vertical axis denotes the average
speed of the fluid.

[0165] According to Fig. 14, with the flow-speed distribution obtained in the case of employing the conventional
cross-correlation method (distribution shown with < in the drawing), the flow-speed is generally 0 in various places within
the metal tube 18, which is a measurement result conflicted with reality. On the other hand, with the flow-speed distribution
obtained in the case of employing the clutter noise reduction technique with a WF (distribution shown with A in the
drawing), the flow-speed corresponding to change in the position within the metal tube 18 is obtained. That is to say, in
the event of performing the flow-speed distribution and flow measurement of the fluid 17 flowing within the metal tube
18 using the ultrasonic flow-speed distributor and flowmeter 10, the clutter noise reduction technique using a WF seems
to function effectively.

[Employment of the flexible search window method]

[0166] With the conventional cross-correlation method, when computing the reference waves and search waves of
cross-correlation, the fixed search window method is employed wherein cross-correlation is computed keeping the
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search window in a constant size regardless of 1. An appropriate size has been set to the size of the search window
depending on sense based on experience.

[0167] However, the speed and speed fluctuation within the metal tube 18 differs depending on the position thereof,
so we cannot say that setting a constant search window to each t to perform cross-correlation calculation is always
reasonable. Further, there has been the demand for establishing a technique that does not rely on sense based on
experience at the time of setting the size of the search window. To this end, with the ultrasonic flow-speed distributor
and flowmeter according to the present invention, a flexible search window method for setting the size of the search
window for each 1 is employed.

[0168] The flexible search window method is a technique for setting the size of the search window for each t, which
is employed at the time of computing the cross-correlation of the reference waves and search waves in the reflector
position-and-speed calculating process of the signal analyzing procedure. With computation of the cross-correlation of
the reference waves and search waves in the flexible search window method, first, an average frequency fg and an
RMS value ¢ are calculated, which are obtained by subjecting the corresponding point-in-time echo level signal, which
acquires the level of the digital ultrasonic echo signal at each 1 such as shown in Fig. 12, to Fourier transform such as
the FFT.

[0169] Next, in accordance with a so-called 3o rule of the statistics (with a normal distribution, 99.7% of the total is
encompassed in a range of a mean value * 3c), a frequency band that can emerge is regarded as a range of the average
frequency fg = 30, and the minimum value U, and the maximum value U, of the speed of the ultrasonic reflectors
19 that can exist are obtained from fg + 36 and fg - 3o.

[Expression 5]

L _dfg=30) _elfe+30)
mm Zﬂ) ? max 2f0

[0170] Next, the size of the search window, At,,;, and At
Expression 2.

max 1S determined in accordance with the above concept of

[Expression 6]

2u . 2 At
AT . = ummAt , AT - U nax

min max

c c

[0171] Herein, At denotes sampling time.

[0172] Fig. 15 illustrates the relation between the distance from the transducer 15 obtained from a found value in the
measurement system shown in Fig. 1 and Fig. 3 and the size At of the search window, and Fig. 16 illustrates the average
speed distribution measured in the case of obtaining the cross-correlation of the reference waves and search waves
using the flexible search window method.

[0173] As shown in Fig. 15, with the zone of around 15 mm through 70 mm which is distance (vertical axis) from the
transducer 15, the size At of the search window in the case of the average frequency fg is densely distributed in a
comparatively narrow range sandwiched with the size of the search window in fg + 30 and fg - 30, so that the size of
the search window seems to be set precisely. Further, according to Fig. 16, the average speed distribution obtained
with the flexible search window method (distribution shown with < in Fig. 16) is almost the same as the average speed
distribution obtained with the fixed search window method (distribution shown with e in Fig. 16), so that we can determine
that the flexible search window method is effective.

[0174] Note that in Fig. 15, with the zone of 0 through around 15 mm and the zone of around 70 mm or more in the
horizontal axis, the width of the size of the search window is great at f5 + 3¢ and f - 35, but these portions are distances
corresponding to the radial thickness of the metal tube 18 and the coupler or the outside of the metal tube 18, which are
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zones unnecessary for measurement of the flow-speed distribution and flow of the fluid. Further, in the Fig. 16, with the
zone of 0 through around 15 mm and the zone of around 70 mm or more in the horizontal axis wherein the width of the
size of the search window becomes great in Fig. 15, i.e., with the zones unnecessary for measurement of the flow-speed
distribution and flow of the fluid, the average speed is 0 [m/s].

[Installation of the emission trigger]

[0175] With the ultrasonic flow-speed distributor and flowmeter 10, an emission trigger serving as an external trigger
performs control of the ultrasonic pulse oscillating means 23 employed for oscillation of ultrasonic pulses above a sine
wave, and control of the AD converter 32 for converting an analog signal into a digital signal. Timing control of the
ultrasonic pulse oscillating means 23 and the AD converter 32 is precisely performed by installing the emission trigger.
[0176] On the other hand, in the event that the sampling frequency of the AD converter 32 is set in several hundred
MHz order, it is extremely difficult to actuate the AD converter 32 strictly in accordance with the trigger, so a frequency
shift occurs. To this end, focusing on an emission region occurring in reflected waves immediately following oscillation
of ultrasonic pulses from the transducer 15, cross-correlation is computed assuming that the emission region of the
previously received reflected waves is taken as search waves, and the emission region of the latterly received reflected
waves is taken as reference waves, thereby obtaining time amount-of-change Ar.

[0177] Further, interpolation is performed using distribution approximation, correction is made by this amount of At
before computation of cross-correlation. However, following correction being performed at the sampling time interval of
the reflected waves, correction is finally applied to At at each point on the measurement line with mesh, which is finely
divided into a more scattered interval, thereby correcting a delicate time deviation due to the trigger from the emission
trigger oscillating means 22.

[0178] Oscillation control of the emission trigger oscillated from the emission trigger oscillating means 22 can be
programmed and set beforehand, or various settings such as the frequency of the trigger signal can be accepted before
start of measurement, which can be done without any restriction.

[0179] Fig. 17 is an explanatory diagram comparing the average flow-speed distribution of the fluid between the
ultrasonic flow-speed distributor and flowmeter 10 and a laser Doppler flow-speed meter (LDV).

[0180] In Fig. 17, one (distribution shown by B in the drawing) is a flow-speed distribution obtained by using the
ultrasonic flow-speed distributor and flowmeter 10, which is an average flow-speed distribution calculated by tilting the
transducer 15 as to the metal tube 18, and obtaining the time average for the amount of 3000 point-in-time. The other
(distribution shown with (1 in the drawing) is an average flow-speed distribution obtained by measurement of the LDV.
According to Fig. 17, the flow-speed distribution obtained by using the ultrasonic flow-speed distributor and flowmeter
10 matches the average flow-speed distribution as to the measurement of the LDV very well, so we found that the
ultrasonic flow-speed distributor and flowmeter 10 can perform the flow-speed distribution and flow measurement of the
fluid precisely.

[0181] As described above, the ultrasonic flow-speed distributor and flowmeter 10 can measure the flow-speed dis-
tribution and flow of the fluid 17 precisely by reducing a noise level, and preventing error of measurement due to noise
components, even in the event that an ultrasonic echo signal is weak as to noise, which is constantly present (regardless
of time), such as clutter noise, for example.

[0182] With the description of the embodiment, description has been made in the case wherein a fluid tube for guiding
the fluid to be measured 17 is the metal tube 18 as shown in Fig. 1 and the like, as an example, but in the event that an
ultrasonic echo signal is weak as to noise, which is constantly present, the other specific examples are:

1) Case of performing the flow-speed distribution and flow measurement of a fluid flowing within a fluid tube (nonmetal
tube other than the metal tube 18, e.g., including an acrylic tube or polyvinyl chloride tube) under an environment
wherein the power source noise or inverter noise of a pump are mixed,

2) Case of performing flow-speed distribution and flow measurement by directly bring the surface of the transducer
15 into contact with the fluid 17 flowing through the metal tube 18,

3) Case of the acoustic impedance of the ultrasonic reflector 19 being close to the acoustic impedance of the fluid
to be measured 17 in the above cases 1) and 2),

4) Case of the volume of the ultrasonic reflector 19 being small in the above cases 1) and 2), and

5) Case of the density of the ultrasonic reflector 19 being small in the above cases 1) and 2).

Industrial Applicability
[0183] According to the ultrasonic flow-speed distributor and flowmeter, ultrasonic flow-speed distribution and flow

measurement method, and ultrasonic flow-speed distribution and flow measurement program according to the present
invention, for example, such as a case wherein a fluid tube for guiding the fluid to be measured is a metal tube, even in
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the event that clutter noise is superimposed on an ultrasonic echo signal, and the ultrasonic echo signal is weak, the
WF processing unit can sufficiently reduce noise components as to standing noise such as clutter noise, and as to the
ultrasonic echo signal. Accordingly, even in a measurement scene such that standing noise is superimposed on the
ultrasonic echo signal, the flow-speed distribution and flow of the fluid can be measured precisely, which is industrially
beneficial.

Claims

1.

An ultrasonic flow-speed distributor and flowmeter comprising:

emission trigger oscillating means for outputting a trigger signal;

ultrasonic oscillating means for generating and outputting ultrasonic pulses by the trigger signal from the emission
trigger oscillating means;

ultrasonic pulse receiving means for transmitting the ultrasonic pulses output from the ultrasonic oscillating
means toward a measurement line within a fluid, and

receiving an ultrasonic echo signal serving as reflected waves reflected off an ultrasonic reflector suspended
within the fluid;

signal processing means for subjecting the ultrasonic echo signal received by the ultrasonic pulse receiving
means to signal processing; and

signal analyzing means for analyzing the ultrasonic echo signal subjected to the signal processing by the signal
processing means, calculating the position and speed of the ultrasonic reflector positioned along the measure-
mentline, and measuring at least one of the flow-speed distribution and flow of the fluid from the calculated results,
wherein said signal processing means include a band-pass filtering processing unit for performing filtering
processing for extracting the same frequency band as the ultrasonic pulses, of the received ultrasonic echo
signals, an AD converter for subjecting the ultrasonic echo signal received from the band-pass filtering processing
unit to analog-to-digital conversion, and a wall filter processing unit for subjecting the received ultrasonic echo
signal to filtering processing using a wall filter.

2. An ultrasonic flow-speed distributor and flowmeter according to Claim 1, wherein said wall filter processing unit is

3.

configured so as to perform filtering processing wherein low-frequency equivalent components are discarded from
the corresponding point-in-time echo level signals regarding all of the corresponding points-in-time which are ob-
tained regarding a plurality of corresponding points-in-time from the ultrasonic echo signals for the amount of n + 1
(n is a positive integer) sequences.

An ultrasonic flow-speed distributor and flowmeter according to Claim 2, wherein said wall filter processing unit is
configured so as to perform filtering processing wherein low-frequency equivalent components are discarded from
the corresponding point-in-time echo level signals assuming that the S/N ratio of a signal obtained by subjecting
the corresponding point-in-time echo level signals to Fourier transform is taken as a threshold.

4. An ultrasonic flow-speed distribution and flow measurement method comprising:

an emission trigger oscillating procedure for outputting a trigger signal;

an ultrasonic oscillating procedure for generating and outputting ultrasonic pulses by the trigger signal output
from the emission trigger oscillating procedure;

an ultrasonic pulse receiving procedure for transmitting the ultrasonic pulses output from the ultrasonic oscillating
procedure toward a measurement line within a fluid, and receiving an ultrasonic echo signal serving as reflected
waves reflected off an ultrasonic reflector suspended within the fluid;

a signal processing procedure for subjecting the ultrasonic echo signal received by the ultrasonic pulse receiving
means to signal processing; and

a signal analyzing procedure for analyzing the ultrasonic echo signal subjected to the signal processing by the
signal processing procedure, calculating the position and speed of the ultrasonic reflector positioned along the
measurement line, and measuring at least one of the flow-speed distribution and flow of the fluid from the
calculated results,

wherein said signal processing procedure includes a band-pass filtering processing process for performing
filtering processing for extracting the same frequency band as the ultrasonic pulses, of the received ultrasonic
echo signals, an AD conversion process for subjecting the ultrasonic echo signal received from said band-pass
filtering processing process to analog-to-digital conversion, and a wall filter processing process for subjecting
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the received ultrasonic echo signal to filtering processing using a wall filter.

An ultrasonic flow-speed distribution and flow measurement method according to Claim 4, said ultrasonic oscillating
procedure comprising:

an electric pulse signal generating process for receiving the trigger signal to generate an electric pulse signal; and
an ultrasonic pulse generating process for converting the electric pulse signal generated in said electric pulse
signal generating process into ultrasonic pulses, and transmitting these.

An ultrasonic flow-speed distribution and flow measurement method according to Claim 4, said signal analyzing
procedure comprising:

areflector position-and-speed calculating process for calculating the position and speed of an ultrasonic reflector
group within a fluid;

a flow-speed distribution calculating process for calculating the flow-speed distribution of said fluid from the
position and speed of the ultrasonic reflector group within the fluid calculated in said reflector position-and-speed
calculating process; and

a flow calculating process for integrating the flow-speed distribution calculated in said flow-speed calculating
process along the internal area of a fluid tube to calculate flow.

7. An ultrasonic flow-speed distribution and flow measurement method according to Claim 4, said wall filter processing

process comprising:

a corresponding point-in-time echo level acquisition step for acquiring, from digitized ultrasound echo signals,
a corresponding point-in-time echo level signal representing the relation between the number of sequences
and a signal level at the corresponding point-in-time of each sequence;

an FFT processing step for subjecting the corresponding point-in-time echo level signal obtained in said corre-
sponding point-in-time echo level signal acquisition step to Fourier transform;

a clutter noise reduction processing step for subjecting the frequency equivalent components of the correspond-
ing point-in-time echo level signal obtained in said FFT processing step to filtering processing; and

an inverse FFT processing step for sorting in time-sequence order the frequency equivalent components of
said corresponding point-in-time echo level signal as inverse Fourier transform again to restructure a digital
ultrasonic echo signal.

An ultrasonic flow-speed distribution and flow measurement method according to Claim 7, wherein said clutter noise
reduction processing step subjects the frequency equivalent components of the corresponding point-in-time echo
level signal obtained in the FFT processing step to filtering processing wherein an S/N ratio is taken as a threshold.

An ultrasonic flow-speed distribution and flow measurement method according to Claim 4, said reflector posi-
tion-and-speed calculating process comprising:

a cross-correlation computing processing step for computing the cross-correlation of reference waves and
search waves;

a phase identifying step for regarding reflected waves as the reflected waves from the same ultrasonic reflector,
in the event that the correlation value of said reference waves and search waves is equal to or greater than a
steady value (threshold);

a phase difference computing step for computing the phase difference of the reference waves and the search
waves identified in said phase identifying step; and

a position-and-speed calculating step for calculating the position and speed of the ultrasonic reflector from the
phase difference obtained in said phase difference computing step,

wherein said cross-correlation computing processing step subjects the corresponding point-in-time echo level
signal for each corresponding point-in-time to Fourier transform, calculates an average frequency fg and an
RMS value o, calculates the speed range of the ultrasonic reflector corresponding to a range of fg = 3o using
the calculated average frequency fg and RMS value o, and sets the size of the search window using the
calculated speed range of the ultrasonic reflector.

10. An ultrasonic flow-speed distribution and flow measurement processing program for causing a computer to execute:
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an emission trigger oscillating procedure for outputting a trigger signal;

an ultrasonic oscillating procedure for generating and outputting ultrasonic pulses by the trigger signal output
from said emission trigger oscillating procedure;

an ultrasonic pulse receiving procedure for transmitting the ultrasonic pulses output from said ultrasonic oscil-
lating procedure toward a measurement line within a fluid, and receiving an ultrasonic echo signal serving as
reflected waves reflected off an ultrasonic reflector suspended within said fluid;

a signal processing procedure for subjecting the ultrasonic echo signal received by said ultrasonic pulse receiving
means to signal processing; and

a signal analyzing procedure for analyzing the ultrasonic echo signal subjected to the signal processing by said
signal processing procedure, calculating the position and speed of said ultrasonic reflector positioned along
said measurement line, and measuring at least one of the flow-speed distribution and flow of said fluid from the
calculated results;

wherein said signal processing procedure includes a band-pass filtering processing process for performing
filtering processing for extracting the same frequency band as the ultrasonic pulses, of the received ultrasonic
echo signals, an AD conversion process for subjecting the ultrasonic echo signal received from said band-pass
filtering processing process to analog-to-digital conversion, and a wall filter processing process for subjecting
the received ultrasonic echo signal to filtering processing using a wall filter.

11. An ultrasonic flow-speed distribution and flow measurement processing program according to Claim 10, said wall
filter processing process comprising:

a corresponding point-in-time echo level acquisition step for acquiring a corresponding point-in-time echo level
signal representing the relation between the number of sequences and a signal level at the correspond
point-in-time of each sequence;

an FFT processing step for subjecting the corresponding point-in-time echo level signal obtained in said corre-
sponding point-in-time echo level signal acquisition step to Fourier transform;

a clutter noise reduction processing step for subjecting the frequency equivalent components of the correspond-
ing point-in-time echo level signal obtained in said FFT processing step to filtering processing; and

an inverse FFT processing step for sorting the frequency equivalent components of said corresponding
point-in-time echo level signal as inverse Fourier transform again to restructure a digital ultrasonic echo signal;
wherein said program causes the computer to execute said corresponding point-in-time echo level acquisition
step, FFT processing step, clutter noise reduction processing step, and inverse FFT processing step in said
wall filter processing process.

12. An ultrasonic flow-speed distribution and flow measurement processing program according to Claim 10, said signal
analyzing procedure comprising:

areflector position-and-speed calculating process for calculating the position and speed of an ultrasonic reflector
group within a fluid;

a flow-speed distribution calculating process for calculating the flow-speed distribution of said fluid from the
position and speed of the ultrasonic reflector group within the fluid calculated in said reflector position-and-speed
calculating process; and

a flow calculating process for integrating the flow-speed distribution calculated in said flow-speed calculating
process along the internal area of a fluid tube to calculate flow;

wherein said program causes the computer to execute said reflector position-and-speed calculating process,
flow-speed distribution calculating process, and flow calculating process in said signal analyzing procedure.

13. An ultrasonic flow-speed distribution and flow measurement processing program according to Claim 11, wherein
said program causes the computer to execute filtering processing wherein an S/N ratio is taken as a threshold as
to the frequency equivalent components of the corresponding point-in-time echo level signal obtained in said FFT
processing step.
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